Xpert MTB/RIF (Xpert) is the preferred first-line test for all persons with tuberculosis (TB) symptoms in South Africa in line with a diagnostic algorithm. This study evaluates pre-and post-implementation trends in diagnostic practices for drug-sensitive, pulmonary TB in adults in an operational setting, following the introduction of the Xpert-based algorithm. We retrospectively analysed data from the national TB database for Greater Tzaneen sub-district, Limpopo Province. Trends in a number of cases, diagnosis and outcome and characteristics associated with death are reported. A total of 8407 cases were treated from 2008 until 2015, with annual cases registered decreasing by 31·7% over that time period (from 1251 to 855 per year). After implementation of Xpert, 69·9% of cases were diagnosed by Xpert, 29·4% clinically, 0·6% by smear microscopy and 0·1% by culture. Cases with a recorded microbiological test increased from 76·2% to 96·4%. Cases started on treatment without confirmation, but with a negative microbiological test increased from 7·1% to 25·7%. Case fatality decreased from 15·0% to 9·8%, remaining consistently higher in empirically treated groups, regardless of HIV status. Implementation of the algorithm coincided with a reduced number of TB cases treated and improved coverage of microbiological testing; however, a substantial proportion of cases continued to start treatment empirically.
INTRODUCTION
The WHO recommends Xpert MTB/RIF (Cepheid, Sunnyvale, CA, USA) as the first-line test for all people suspected of having tuberculosis (TB), where resources allow and particularly for people with HIV-associated or suspected multidrug-resistant TB [1] . In 2011, Xpert MTB/RIF (Xpert) was introduced in South Africa, replacing smear microscopy as the initial diagnostic TB test to be performed by national laboratory services. Notably, a revised diagnostic algorithm was implemented in 2014, following simplification of the earlier version which contributed to poor adherence by health care workers, particularly in HIV positive persons with a negative Xpert result [2] .
An algorithm based on molecular testing has many potential advantages over one based on smear microscopy, including the need for fewer initial sputum specimens (one instead of two) and fewer patient contacts, increased case-finding due to improved sensitivity and more rapid diagnosis of drug-resistant TB. However, the anticipated increase in TB case-finding has not been evident in trials in South Africa [3] and Brazil [4] , possibly due to high background rates of empirical diagnosis and treatment [5] . To date, the national algorithm has not been specifically evaluated but shortcomings have been noted, including poor adherence to the Xpert-negative arm [6] .
The impact of the implementation of the Xpertcontaining diagnostic algorithm on the diagnosis of drug-sensitive pulmonary TB in operational settings has not been well described. An enhanced understanding of this impact would benefit the TB programme in South Africa by informing improvements in diagnosis and generate lessons for other TB programmes that may switch to the use of molecular testing. We aimed to evaluate diagnostic trends in patients treated for TB in a rural sub-district of South Africa, in relation to the implementation of Xpert and its accompanying algorithm, using routine data.
METHODS

Setting
Greater Tzaneen is the largest sub-district in rural Mopani District, Limpopo Province, South Africa, with most recent population estimates at 390 000. Mopani District is in the second socioeconomic quintile, amongst the poorer districts in South Africa and ranks among the worst districts for years of life lost due to communicable and related diseases [7] . In this sub-district, there are 35 primary care facilities and three district hospitals, all of which manage TB and three public sector laboratories. Xpert testing was first utilised in Greater Tzaneen in 2011.
Prior to the introduction of Xpert testing, two sputum samples taken on consecutive days were sent for smear microscopy (requiring two healthcare worker contacts). If those samples were negative and the person HIV-positive, a third sample was sent for smear microscopy and culture and antibiotic treatment started.
The national algorithm including Xpert testing that is applicable to all people with symptoms of TB was published in 2014 ( Supplementary Fig. S1 ) [8] . The first-line test for all people is one sputum specimen sent for Xpert testing. Following a positive rifampicinsusceptible Xpert test, a sputum specimen should be sent for smear microscopy for monitoring purposes. If the Xpert test is negative, in the case of HIV-positive people, a chest X-ray should be done and a further specimen sent for culture as well as line probe assay or drug sensitivity testing. If the person is HIV negative, antibiotics should be given for 1 week, followed by reassessment.
Study design
We retrospectively analysed routine data of all the primary healthcare facilities and hospitals in Greater Tzaneen sub-district to understand changes in diagnostic trends within the TB programme. ETR.net is an electronic recording and reporting system used nationally for drug-sensitive TB [9] . Data are captured into paper-based registers at the facility level and submitted to sub-district offices for electronic capturing. Only cases started on TB treatment are recorded in the register.
In this analysis, we included all individuals over 15 years of age started on treatment for drug-sensitive, pulmonary TB in Greater Tzaneen sub-district during the period 2008 to 2015. We used the database as updated to the end of February 2017, to allow for those starting in 2015 to complete treatment and their outcomes to be captured. To generate population rates, we used district-level mid-year estimates available from Statistics South Africa (http://www.statssa. gov.za/) proportionalised to sub-district level and provincial HIV prevalence figures from the Thembisa model, which synthesises a number of previously developed models of the South African HIV epidemic [10] . Rates are presented per 100 000 population.
Definitions
We assigned TB cases to diagnostic categories based on recorded microbiological tests, assuming that the diagnostic algorithm was followed. Cases were diagnosed by Xpert (any case with a positive Xpert result), smear microscopy (any case with a positive smear in the absence of a positive Xpert result), culture (any case with a positive culture in the absence of a positive smear or positive Xpert result), or clinically (any case diagnosed in the absence of a positive microbiological test).
A confirmed TB case was defined as a case started on TB treatment with any recorded positive microbiological test result (the majority of cases started treatment without a TB culture, so a positive culture is not necessary to be considered a confirmed case). An empirically treated TB case was defined as any person starting TB treatment in the absence of a positive microbiological test result [11] . Empirically treated cases were either started on treatment with no microbiological test recorded or with only negative results.
In line with programmatic outcome definitions, any death occurring during the course of TB treatment was classified as a TB death [12] . An early death was defined as occurring in the first 28 days after starting treatment. Treatment success was defined as a case that was either cured (positive baseline smear/culture at start of treatment, negative smear/culture 30 days prior to treatment completion and negative smear/culture during last month of treatment) or completed treatment (completed treatment but did not fulfil required criteria to be assigned as cured).
Ethics approval was obtained from the University of the Witwatersrand Human Research Ethics Committee (Medical), reference M140461.
Data analysis
Data was exported from ETR.net, collated in Excel and analysed using Stata 13·0 (Stata Corporation, College Station, TX, USA). Duplicate records were excluded, as case information risk being entered into ETR.net multiple times when patients get transferred from one facility to another. Frequencies and proportions are reported to summarise trends in registered cases, demographic characteristics, diagnostic categories and mortality. Rates were calculated by dividing the population by a number of registered TB cases for each year, presented per 100 000. Chi-squared test for trend was used to analyse trends in categorical data. Chi-squared and Mann Whitney tests, as appropriate, were used to compare demographic characteristics within diagnostic categories. Multivariate analysis of factors associated with higher risk of death was conducted using Cox proportional hazards models.
RESULTS
Study population
All cases of adults with drug-sensitive pulmonary TB recorded in the ETR.net dataset with treatment start date from 2008 to 2015 in Greater Tzaneen subdistrict were included in this analysis. This means that records of pulmonary TB cases in children (n = 2332) and those with rifampicin mono-resistant or multidrug-resistant TB (n = 58) were excluded. Of the 12 621 records available, we then excluded individuals that were transferred-in on pulmonary TB treatment (n = 198) and those transferred out during TB treatment (n = 3944) as initiation respectively outcome data were not available. Finally, de-duplication of records resulted in the removal of another 72 records resulting in a final dataset of 8407 records of adult individuals treated for drug-sensitive TB.
A total of 8407 people over 15 years of age were started on treatment for drug-sensitive pulmonary TB from 2008 to 2015. Of these, 4333 were male (51·5%) and the median age was 38 years (range 15-110 years). HIV status was recorded for 5717 individuals: 3689 individuals (64·5%) were HIV-infected, 1701 HIV-negative (29·8%) and 327 (5·7%) had unknown HIV status.
Diagnostic trends
The number of registered cases decreased over time, from 1251 in 2008 to 855 in 2015 (31·7% decrease, P < 0·001). Overall, 51·5% (4333/8407) of cases were male, with no change over time (P = 0·28). In 2010, the year immediately prior to the introduction of Xpert, diagnosis in Greater Tzaneen was based on smear microscopy (627/962 (65·2%) of cases) or on clinical signs and symptoms alone (334/962 (34·7%) of cases). Culture-based diagnosis occurred in only 0·1% of cases (1/962). By 2015, Xpert almost completely replaced smear microscopy. In this year, the diagnosis was based on Xpert results in 69·9% of cases (598/ 855), clinically in 29·4% of cases (251/855) and on smear microscopy in 0·6% (5/855) and culture in 0·1% (1/855) of cases (Fig. 1) .
In 2008 30·9% of cases (387/1251) were treated empirically, with the proportion progressively increasing over the next 4 years to peak in 2012 at 37·5% (382/1018), before decreasing to 29·4% (251/855) in 2015 (from 2008 to 2015: P = 0·11; from 2011 to 2015: P < 0·001) (Fig. 2) Gender was not associated with differences between confirmed and empirically treated cases (P = 0·22). However, empirically treated cases with documented HIV status were more likely to be HIV positive (75·1%; 1310/1745) than confirmed cases (65·1%; 2374/3645, P < 0·001) and more likely to be older (empirically treated: median age 40 years; confirmed: median age 37 years, P < 0·001).
Population rates
Estimated rates of treated TB cases dropped by 39·7% between 2008 and 2015, from 480 cases to 290 cases per 100 000 people; and 26·6% between 2011 and 2015, from 395 cases to 290 cases per 100 000 people. Rates of confirmed TB dropped by 38·0% between 2008 and 2015 (from 329 to 204 cases per 100 000 people) and unconfirmed TB by 40·2% (from 149 to 85 per 100 000 people). The decrease in unconfirmed TB cases was much more pronounced after the introduction of Xpert in 2011 (decrease of 40·2% or 57·2 cases per 100 000 population between 2011 and 2015, compared with 4·3% or 6·4 cases per 100 000 population between 2008 and 2011, see Fig. 3 ).
In HIV positive people, the decrease in overall rates of TB treated between 2011 and 2015 was 37·6%, from 2313 to 1442 cases per 100 000 HIV positive people.
This was larger for unconfirmed case rates (47·5%, from 862 to 452 cases per 100 000 HIV positive people) compared with confirmed case rates (31·8%, from 1451 to 989 cases per 100 000 HIV positive people). However, in the HIV negative population, there was an increase in treatment rates of 3·3%, from 118 to 122 cases per 100 000 HIV negative people. The rates of treatment of confirmed TB cases in the HIV negative population increased by 17·0% (from 78 to 92 cases per 100 000 HIV negative people), while the rate of unconfirmed TB decreased by 23·7% (from 39 to 30 cases per 100 000 HIV negative people) (Fig. 3) .
Smear microscopy in Xpert-diagnosed cases
Of those diagnosed by Xpert, a subsequent smear microscopy test was negative in 6·4% of cases in 2011 (3/47 cases), increasing to 31·7% of cases in 2015 (181/571 cases) ( Table 1) .
Outcomes
Recorded case fatality rates decreased from 14·9% in 2008 (187 deaths of 1251 TB cases) to 9·8% in 2015 (84 deaths of 855 cases, P < 0·001) (Fig. 4) . In HIV-positive cases only, these figures were 17·9% in 2010 (80 deaths of 448 cases) to 12·8% in 2015 (64 deaths of 500 cases, P < 0·001) and in HIV-negative, 8·4% in 2010 (13 deaths of 154 cases) to 5·1% in 2015 (16 deaths of 316 cases, P = 0·05).
Cases with a successful outcome (cured and completed treatment combined) increased from 71·4% (893/1251 cases) in 2008 to 84·6% in 2015 (723/855 cases, P < 0·001), largely due to increases in treatment completed. Cases with an unsuccessful outcome (died, defaulted treatment and failed treatment combined) decreased from 24·4% (305/1251 cases) in 2008 to 13·5% in 2015 (115/855 cases, P < 0·001), the majority of these due to deaths.
Case fatality rates were consistently higher in empirically treated cases compared with microbiologically confirmed cases (Fig. 4) . Stratifying by HIV status, this remained true in HIV-positive and HIV-negative cases.
In those diagnosed by Xpert, mortality was 8·2% (108/1324) in those with positive subsequent smear microscopy and 6·9% (29/418) in those with negative subsequent smear microscopy results (P = 0·42).
Multivariate analysis adjusting for year of starting treatment, gender, HIV status and age in years, showed that empirically treated TB was associated with increased risk of death (HR 2·28, 95% CI 1·97-2·64) ( Table 2 ). This was also true when restricting the analysis to HIV-positive cases only and adjusting for the CD4 count when this data was available, with a hazard ratio of 1·81 (95% CI 1·43-2·30).
In those starting treatment in 2014 and 2015, the proportion of early deaths was 40·2% (74 of 184 deaths). There was no significant difference in the proportion of early deaths in HIV-positive compared with HIVnegative cases, men compared with women, or in empirically treated compared with confirmed cases and the median age was similar in those who died early or late. 
DISCUSSION
We analysed routine programme data for a rural subdistrict in South Africa over the time of Xpert implementation, generating findings that are useful both to our TB programme and to other TB programmes that may be switching from microscopy to molecularbased algorithms in similar settings. The effects of the rapid implementation of Xpert and its accompanying diagnostic algorithm on drug-sensitive, pulmonary TB in South Africa have not yet been elucidated and analysis of available programme data is a key component of addressing this.
We found that the number of cases registered annually and population rates declined, concurrent with rapid ART programme growth. This is in line with evidence of the decreased risk of TB due to ART in HIV positive people [13, 14] , and reports describing concurrent ART scale-up and decreased TB notification in other African countries [15, 16] . In South Africa, the modelled incidence of TB, using both national laboratory service data and national TB database data, peaked in 2008 followed by a decline until 2012 when the study ended and corresponded to increases in ART coverage [17] . Our study showed continuing decreases in treated cases until 2015.
Although rates of treated TB cases declined overall, in the HIV negative population, rates increased due to increases in confirmed TB, while rates of empirically treated TB declined. The decline in rates of empirically treated TB in the HIV negative population despite increased rates overall suggests that the declines in empirically treated TB are not solely due to ART expansion and could be attributed to the routine use of Xpert testing. A population-based study in Cape Town, South Africa similarly found that implementation of Xpert led to decreased rates of empirically treated TB over time, although overall notification rates did not increase [18] . Besides the introduction of Xpert, there have been other changes in the diagnosis and prevention of TB over this time period, including an increased emphasis on case-finding and the introduction of Isoniazid preventive therapy. It is possible that overall there would have been an even greater decline in cases without the introduction of the molecular-based diagnostic algorithm. The demonstrated increase in negative smear microscopy tests amongst Xpert-diagnosed cases may reflect the identification of lower bacillary-load infections over time, which would tend to support this supposition. However, these lower bacillary-load infections might have been treated empirically under the microscopybased algorithm. It is also possible that false positives may be contributing to the Xpert-positive, smearnegative group [19] . 
K. Rees and others
The proportion of people started on TB treatment without a recorded microbiological test decreased substantially, possibly reflecting improvements in adherence to diagnostic guidelines and the improved access to testing that Xpert implementation may have provided. This is a positive sign of improvement in TB programme performance.
The proportion of people started on treatment with only negative microbiological tests increased over time, so that despite increased coverage of microbiological testing, empirically treated TB remained at 28·9% in 2015. People who were started on treatment empirically experienced higher case fatality rates. This was true of HIV-positive and HIV-negative cases. After adjusting for HIV status, year of starting treatment, age and gender, the hazard of death in empirically treated cases was more than twice that in confirmed cases (HR 2·28, 95% CI 1·97-2·64). This is a concerning association, that warrants further attention. Potential contributing factors include more advanced immunosuppression (although the association remained in HIV-negative cases and when adjusting for the CD4 count) and the possibility of misdiagnosis or unrecognised comorbid conditions. In addition, clinicians may be more likely to start a patient in poorer overall condition on TB treatment without bacteriological confirmation [5] .
Deaths while on TB treatment may be due to a variety of causes, particularly in HIV TB coinfection. Measuring case fatality rates within the TB-programme will not give a complete picture of underlying TB mortality rates in the population, as the deaths of those not started on treatment or lost to follow up are missed and deaths due to other causes are included [20] . The decline in case fatality rates noted in this sub-district is consistent with lower mortality due to TB [21] and all-cause mortality in people on ART, emphasising the impact that increased use of ART has made on reducing mortality among HIV-infected patients with TB [22] . It is important to note that contacts with healthcare workers during TB treatment may represent patients' only contact with the health system, particularly when TB and HIV services are integrated. The way that TB patients are monitored and healthcare worker awareness of the possibility of misdiagnosis and multiple morbidities are therefore crucial to further decreasing case fatality rates.
Throughout the duration of study, TB cultures were rarely recorded, despite the algorithm's requirement for culture in Xpert-negative HIV positive cases and the high number of these cases started on treatment empirically. Investigating the reasons for the low number of cultures performed in Xpert-negative individuals in our specific setting, including possible issues of access to diagnostic resources and healthcare worker's knowledge of the TB diagnostic algorithm, could be helpful in decreasing empirically treated cases.
This study has illustrated the utility of routine TB data, despite the weaknesses of ETR.net and the results have been used to identify areas of concern within the TB programme, thereby contributing to the strengthening of the programme. Some of the main concerns relating to the database are the lack of a unique identifier (a problem across most South African health information systems) [2] , a lack of capacity for data capturing and validation leading to concerns about data quality [2] , and no linkage between the TB and HIV databases (Tier.net). However, Anova Health Institute, an organisation with expertise and experience in supporting data quality [23] , has been supporting this sub-district for several years including in data quality improvement. Unfortunately, retreatment status was not consistently captured and could not be used in this study. The CD4 count was only captured until 2013 when all people diagnosed with TB were started on ART according to national guidelines, so the use of CD4 count has been limited.
This study has several other limitations. We did not check patient records or paper-based registers for additional information, which could have validated the information obtained and this also meant that we did not have information on chest x-rays, an important element in the diagnosis of Xpert-negative TB [24] and a step in the diagnostic algorithm. Chest X-rays are not universally available at primary care facilities in this rural setting and patients may have to travel at their own expense to obtain one at a higher level of care. Drug-resistant TB is monitored in a separate database and was not included in this study, although identifying rifampicin-resistant TB is one of the key benefits of using Xpert testing. The register used in this study captures data of individuals that are initiated on TB treatment; information of individuals diagnosed with TB but not started on treatment is not included in this analysis and may have resulted in selection. A pre-post design as used in this study has several limitations; although temporality suggests that changes may have occurred in relation to Xpert implementation, other factors could have changed at the same time and contributed to the observed association, e.g. changes in ART coverage and the clinical management of TB [25] . Finally, our study setting is a rural sub-district in a resource-constraint area of South Africa; care should be applied when extrapolating our results to other settings.
However, the information obtained from this analysis adds to our current understanding of the TB programme in South Africa and highlights areas that need more attention. The high rates of empirically-treated TB, even with access to Xpert testing, are in line with other evidence from this setting [26, 27] , and remained high despite improvements in coverage of microbiological testing. Our data support prior calls to address the weaknesses in the current algorithm in terms of diagnosing TB in HIV positive people with Xpert-negative results and the lack of guidance in monitoring these cases [27, 28] . Repeating Xpert testing rather than culture following an initial negative Xpert has been suggested and found to be potentially cost saving in the context of the South African TB programme [29] . Poor adherence to the algorithm noted in other South African settings [6] , and the poor use of TB culture in this study, supports this idea, although more comprehensive guidelines for diagnosis and follow up are also required.
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